Acquired or inherent drug resistance is the major problem in achieving successful cancer treatment. However, the mechanism(s) of pleiotropic drug resistance remains obscure. We have identified and characterized a cellular metabolic strategy that differ- 
It is well known that drug-sensitive tumor cells, under the selective pressure of treatment with chemotherapeutic agents, develop into drug-resistant versions in many different tumor cells. In fact, drug resistance is the leading cause of death from cancer (1) . Although some studies characterize features that distinguish drug-sensitive cells from drug-resistant cells (2), here we describe a novel metabolic mechanism that may enable tumor cells to survive many apoptosis-inducing stimuli. This mechanism allows us to classify the important characteristics of drug-sensitive tumor cells compared with drug-resistant tumor cells.
We will first review the basis of cellular energy metabolism because these processes are key to understanding the differences between the two cell types. In nondividing cells, mitochondria normally provide Ͼ90% of cellular ATP (3) . The details of this energy storage process are complex, but there are key parameters that control ATP production. These include a proton gradient across the inner mitochondrial membrane, electron transport along the inner membrane, and respiratory complexes within the inner membrane (4) . The membrane potential depends on the maintenance of a proton gradient across the inner mitochondrial membrane. Finally, we note that oxygen complexes are used to facilitate the electron flow. Thus, normal by-products of energy production are reactive oxygen intermediates (ROI) (5) .
We have found that highly viable tumor cells generally fall into one of two categories. Cells associated with a sensitivity to chemotherapeutic agents and radiation are characterized by the following parameters when compared with drug-resistant cells:
1) Higher mitochondrial membrane potential;
2) The transfer of protons against the proton gradient of the mitochondria is larger;
3) Relatively low use of fat for fuel in the mitochon-dria; production of ATP is primarily through use of glucose; 4) When stressed, they have higher levels of reactive oxygen; 5) In the normal, unstressed state they have lower DNA damage, when stressed, the DNA damage is increased; 6) In a stressed state the cells are susceptible to apoptosis.
Cells associated with a resistance to chemotherapeutic agents and radiation are characterized by a different set of parameters when compared with drug-sensitive cells:
1) Lower mitochondrial membrane potential;
2) The transfer of protons against the proton gradient of the mitochondria is smaller; there is a substantial proton 'leak';
3) Higher use of fat for fuel in the mitochondria accompanied by a higher rate of cytosolic glycolysis; 4) When stressed, they have lower levels of reactive oxygen;
5) In the normal, unstressed state they have higher DNA damage, but when stressed, the DNA damage is reduced;
6) In a stressed state, the cells are less susceptible to apoptosis.
We present evidence that it is precisely this set of differences between the two types of cells that results in a protective metabolic strategy for the drug-and radiation-insensitive cells.
It is interesting to compare the features described above to characteristics associated with uncoupling proteins. Uncoupling proteins are a family of molecules, first described in brown adipose tissue, that function as a metabolic switch (6, 7). These proteins have been shown to produce the following metabolic changes: dissipation of the proton gradient, lowering of mitochondrial membrane potential; induction of a metabolic shift to fatty acids as a source of fuel in mitochondria; promotion of high rates of glucose utilization in the cytosol and increased oxygen consumption in the mitochondria; and protection from reactive oxygen species (8) . There is clearly a striking similarity between the known changes in metabolic activity produced by uncoupling proteins and the key features of drug resistance.
To test the idea that a metabolic shift can produce drug-resistant cells, we assessed the role of uncoupling protein 2 (UCP2) (9) . We ask whether there is a significantly higher level of UCP2 in the mitochondria of drug-resistant cells. We concentrate on the presence of UCP2 in the mitochondria because the mitochondria is well established to be the cellular center for energy production. Our results show that UCP2 is expressed at higher levels in the mitochondria of drug-resistant cells, further supporting the connection between mitochondrial activity and cellular response to chemotherapeutic agents.
MATERIALS AND METHODS

Cell culture
All tumor cells were grown in culture in complete RPMI medium (supplemented with 5% fetal calf serum (FCS), glutamine, beta-mercapto-ethanol, sodium pyruvate, HEPES, antibiotics). Cell lines used in these studies include L1210 and L1210/DDP (10), HL60 (11), HL60.MDR (2), U937 (12) , and B16.F1 (13) cells. L1210 is a mouse leukemia cell widely used as a model for testing drug sensitivity. L1210/ DDP is a drug-resistant subline derived in cisplatin that exhibits dual resistance to methotrexate and cisplatin (10) .
Confocal microscopy
Cells were harvested (1200 rpm, 10 min), counted, and resuspended at a concentration of 1 ϫ 10 5 cells/mL; 450 L of 1 ϫ 10 5 cells/mL were added to a cytospin apparatus and spun on to microscope slides (600 rpm, 10 min). Slides were removed from cytospin apparatus, allowed to air dry, and placed in a coppin jar for fixation with methanol. Cells were treated with Mitotracker green (350 nm) and red (350 nm) for 30 min. As per manufacturer's instructions, cells were washed twice with permeabilization buffer, treated with one drop of Fluorosave, plated onto slides with coverslips, and sealed with clear nail polish. Confocal microscopy was performed using the Bio-Rad MRC 1024ES confocal microscope with laser excitations at 488 nM (blue excitation, green emission) and 568 (green excitation, red emission). The data were analyzed using Comos or LaserSharp software (Bio-Rad, Inc., Hercules, CA).
Studies of oxidative phosphorylation in intact cells
For simultaneous determinations of oxygen consumption and mitochondrial membrane potential, 1.0 ϫ 10 7 cells/mL were incubated at a concentration in 106 mM NaCl, 0.41 mM MgSO 4 , 25 mM NaHCO 3 , 10 mM Na 2 HPO 4 , 10 mM glucose, 2.5 mM CaCl 2 , and 5 mM KCl. Oxygen consumption rates were performed in duplicate using 1 (14) and Harper and Brand (15) . For simultaneous determinations of oxygen consumption and mitochondrial membrane potential, cells were incubated at a concentration of 1.0 ϫ 10 7 cells/mL in (mM) 106 NaCl, 0.41 MgSO 4 , 25 NaHCO 3 , 10 Na 2 HPO 4 , 10 glucose, 2.5 CaCl 2 , and 5 KCl. Cells were preincubated at 37°C for 10 min to allow the cells to establish steady-state ion gradients. Various inhibitors and/or isotopes were added to the vials and the incubation period continued for an additional 20 min. Saturating concentrations of oligomycin (100 nM) were added to produce state 4 (i.e., nonphosphorylating) respiration conditions. To characterize the responsiveness of mitochondrial proton leak reactions to decreasing mitochondrial membrane potential (⌬⌿ m ), incremental amounts of the electron transport chain inhibitor antimycin were added (50 nM, 250 nM, and 5 M). To characterize the responsiveness of the ATP synthesis and turnover reactions in cells incubated in the absence of oligomycin, increasing amounts of antimycin were added (100 and 200 nM).
Oxygen consumption
For each cell preparation, assessments were performed in duplicate, using 1.0 ϫ 10 7 cells at 37°C in a Hansatech (Norfolk, U.K.) Clark-type oxygen electrode. 
Mitochondrial membrane potential
Rates of glucose utilization and oxidation
Rates of glucose utilization were measured by the method of Ashcroft et al. Cells were incubated 90 min at 37°C in 100 L KRB, glucose (5.
H] glucose (Amersham, Arlington Heights, IL). The reaction was carried out in a 1 mL cup contained in a rubber-stoppered 20 mL scintillation vial that had 500 L of distilled water surrounding the cup. Glucose metabolism was stopped by injecting 100 L 1 M HCl through the stopper into the cup. An overnight incubation at 37°C was carried out to allow equilibration of the [ 3 H]-H 2 O in the reaction cup and the distilled water, followed by liquid scintillation counting of the distilled water. Rates of mitochondrial glucose oxidation were measured by incubating cells for 90 min at 37°C in 100 L of reaction buffer, glucose (2.8, 8.3, 27.7 mmol/L), 1.7 mCi 14C glucose. The reaction was carried out in a 1 mL cup in a 20 mL scintillation vial capped by a rubber stopper with a center well containing filter paper. Metabolism was stopped and CO 2 liberated with 300 L 1 mol/L HCl injected through the stopper into the cup containing the cells. CO 2 was trapped in the filter paper by injecting 10 mL 1 mol/L KOH into the center well, followed 2 h later by liquid scintillation counting. Tubes containing NaHCO 3 and no cells were used to estimate the recovery of 14 CO 2 in the filter paper, routinely close to 100%.
Rates of oleic acid oxidation
Rates of oleate consumption were measured by incubating cells for 90 min at 37°C in 100 mL of reaction buffer, oleic acid, and increasing concentrations of glucose (2.8, 8.3, 27.7 mmol/L), 1.7 mCi [U-14 C oleic acid], and cold oleate. The reaction was carried out in a 1 mL cup in a 20 mL scintillation vial capped by a rubber stopper with a center well that contained filter paper. Metabolism was stopped and CO 2 liberated with 300 mL 1 mol/L HCl injected through the stopper into the cup containing the cells. CO 2 was trapped in the filter paper by injecting 10 mL 1 mol/L KOH into the center well, followed 2 h later by liquid scintillation counting. Tubes containing NaHCO 3 and no cells were used to estimate the recovery of 14 CO 2 in the filter paper, routinely close to 100%.
Quantitation of intracellular ATP levels
For each determination, 50,000 cells were harvested and washed twice in phosphate-buffered saline (PBS). Cells were lysed by boiling for 1 min in 300 L of a glycine buffer (20 mM glycine, 50 mM MgSO 4 , 4 mM EDTA, pH 7.4) and lysates were stored at Ϫ20°C. This allowed for duplicate determinations; however, for each experiment the ATP content of each cell type was determined from 6 separate aliquots of cells. Luciferase-luciferin reagent (0.5 mg/mL; Sigma L0633) was used to assay ATP content. Data were obtained from a liquid scintillation counter. A standard curve for ATP (50 -700 nM in 50 nM increments) was constructed.
Flow cytometry
Cells were harvested, counted, and resuspended at 10 6 cells/ 100 L in preparation for flow cytometric analysis. For DNA staining, cells were washed and resuspended in ice-cold PBS, then fixed by the dropwise addition of 95% ethanol. Cells were incubated for 30 min on ice, washed, and resuspended in PBS containing 1% formaldehyde and 0.01% Tween. The cells were then incubated with the anti DNA Fab (166, kind gift of Dr. Susan Wallace, University of Vermont), washed, and stained with a fluorescein-conjugated second-step antimouse immunoglobulin. Cells were washed and resuspended in PBS/3% BSA/1% formaldehyde. Cells were stained for intracellular H 2 0 2 using 6-carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCF-DA, Molecular Probes, Eugene, OR). Cells were incubated with 1 mM DCF-DA for 20 min, washed twice in PBS containing 5% FCS, and analyzed flow cytometrically. Mitochondrial membrane potential was assessed using Mitotracker red (CM-H 
Measurement of cytochrome c oxidase activity
Cytochrome c oxidase activity was determined in cellular homogenates using a spectrophotometric assay. This assay measures the rate at which cytochrome oxidase can oxidize its substrate, cytochrome c. This is done be measuring the rate of disappearance of the reduced cytochrome c, which absorbs light at 550 nm. Cellular homogenates were treated with 0.3% Lubrol WX (1 mM Lubrol/10 mg protein), diluted in 100 mM phosphate buffer (pH 7.0) to a final protein concentration of 1.0 mg/mL, and kept on ice for 1.5 h. During this time, a 200 mM cytochrome c solution was prepared containing 10% ascorbic acid. For each determination, an aliquot of diluted cellular homogenate (100 mg) was added to the cytochrome c solution and the absorbance was measured immediately for 1 min at 550 nm. Six different cytochrome c concentrations were used to construct a Lineweaver-Burk plot for the determination of V max .
Statistical analysis
Data were expressed as mean Ϯ se and analyzed by unpaired t tests using Prism 2.0 for Windows. P values of Ͻ0.05 were considered significant.
Mitochondrial isolation and Western blot analysis
Mitochondria were isolated using differential centrifugation as adapted from ref 17 . Cell homogenates were centrifuged at 1000 g for 10 min. The supernatants were then centrifuged at 12,000 g for 10 min to obtain the mitochondrial fractions. Mitochondria were resuspended in isolation medium and centrifuged again at 12,000 g for 10 min, and resuspended in (mM) 120 KCl, 20 sucrose, 20 glucose, 10 KH 2 PO 4 , 5 HEPES, 2 MgCl 2 , and 1 EGTA. For Western blotting, 60 mg of mitochondrial protein was used in each lane. The primary antibody was goat anti-human UCP2 (1.5 g/mL) (Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibody was anti-goat IgG-HRP (Santa Cruz Biotechnology) at 1:5,000. Chemiluminescent detection: Amersham ECL kit.
RESULTS AND DISCUSSION
As discussed, we wanted to determine the differences in metabolic characteristics between drug-resistant and -sensitive cells. We compared characteristics of mitochondrial metabolism in drug-sensitive and drug-resistant cells (18) by staining representative cell lines with the mitochondrial dyes Mitotracker green, which quantitates mitochondria, and CmCX Ros Mitotracker red (Molecular Probes, Eugene, OR), which reflects mitochondrial membrane potential. In Fig. 1 , we see that the intensity for cells stained with Mitotracker green is approximately the same for all cell lines, suggesting that the numbers of mitochondria per cell are approximately the same. In contrast, the intensity of the cells stained with Mitotracker red differs between cell lines. The intensity is distinctly lower for the drug-resistant cells L1210/DDP and HL60.MDR and the inherently resistant melanoma B16.F1. This indicates that the resistant cell lines consistently have a lower mitochondrial membrane potential.
We note that HL60.MDR cells overexpress the multidrug resistance gene P-glycoprotein 1, which serves as a drug antiporter. Several studies suggest that P-gp 1-overexpressing cells can actively 'pump out' mitochondrial dyes (19) . Therefore, it is possible that membrane potential measurements in HL60.MDR cells underestimate the true membrane potential because the dye may be pumped out. Thus, it is appropriate to confirm these results using alternative measurements of mitochondrial membrane potential. There is another reason to quantitate membrane potential in both cell lines, as differences in fluorescence could be a function of different numbers of mitochondria per cell.
To address these issues, we conducted a full analysis of the overall metabolic kinetics of oxidative phosphorylation using L1210 and L1210/DDP cells and HL60 and HL60.MDR cells as models of drug-sensitive and drug-resistant cells, respectively. The results are expressed as the overall kinetics of mitochondrial proton leak reactions (Fig. 2) . These analyses require simultaneous dual determinations of membrane potential and oxygen consumption and the use of specific mitochondrial inhibitors (see Materials and Methods). As discussed above, there is a possibility that drug- sensitive and -resistant cells have different numbers of mitochondria per cell. To address this issue, we measured activity of cytochrome c oxidase, a widely accepted indicator of mitochondrial mass ( Table 1 ). The results demonstrate that total cellular mitochondrial content is higher in the drug-resistant sublines. Because oxygen consumption occurs only in the mitochondria, it is appropriate to normalize cellular oxygen consumption by dividing by the mitochondrial mass. When we do this, we find that the oxygen consumption per mitochondria in drug-resistant cells is relatively low compared with drug-sensitive cells. Taken together, the results indicate a significant difference in metabolism between the drug-resistant and drug-sensitive cells. This is particularly evident in the rates of oxygen consumption per mitochondria. We conclude that an individual mitochondria in the resistant cell is playing a different metabolic role than its counterpart in the sensitive cell. Because we have argued that the mitochondria function differently in the sensitive and resistant cell lines, it is reasonable to ask how fuel is used in different kinds of cells. For example, in the well-characterized brown adipocyte, which changes from high to low mitochondrial membrane potential, there is an accompanying shift in fuel source from glucose to fatty acids (20) . Reasoning that drug-resistant cells might behave similarly, we determined experimentally that under conditions of limiting glucose, the drug-resistant cells more readily use oleic acid as a carbon source compared with the drug-sensitive cells (Fig. 3) . The data suggest that resistant cells with low mitochondrial membrane potential (as in active brown adipocytes), but not the drugsensitive tumor cells, have the ability to shift to the oxidation of fatty acids when glucose supplies are limiting.
Because a substantial membrane potential is required for mitochondrial ATP synthesis and since we have seen a clear difference in membrane potential between drug-sensitive and drug-resistant cells, we compared levels of ATP between sensitive and resistant cells ( Table 2) . ATP was assayed on a per cell basis with corrections for differences in total protein content between the drug-sensitive and -resistant cell lines. The results show that levels of ATP (when normalized by mitochondrial mass or by protein mass) are lower in the drug-resistant cells. On the other hand, the total ATP content per cell is higher in the drug-resistant * n ϭ Number of separate cell preparations studied; the assay was conducted in triplicate for each cell preparation.
cells. This suggests that synthesis of ATP by an individual mitochondria in the drug-resistant cells is inefficient. The numbers in Table 2 provide only an upper limit for the amount of ATP that can be produced per mitochondria. An additional source of ATP for the drug-resistant cells could be provided by a high rate of glycolysis. We have in fact confirmed this for several cell lines, as shown in Table 3 .
The paradoxical shift from efficient respiration to highly inefficient, high-rate glycolysis to produce ATP has been proposed as a mechanism to protect newly synthesized and exposed DNA that could be damaged by reactive oxygen species. Using flow cytometry, we measured H 2 O 2 production before and after gamma ray irradiation in L1210, L1210/DDP, HL60, and HL60.MDR cells. The results are presented in Fig. 4 . The choice of H 2 0 2 is based on the fact that this is a common intermediate and has a lifetime long enough to measure. The key results shown are that radiation increases levels of reactive oxygen in drug-sensitive cells, but in drug-resistant cells radiation produces a decrease or minimal change in reactive oxygen levels.
To directly test the effect of reactive oxygen intermediates on DNA damage, we stained L1210 and L1210/ DDP cells using an antibody (Fab 166) to the DNA adduct 8-oxo-guanine (21). This antibody detects adducts of DNA that have become oxidized in the presence of molecular oxygen intermediates. We found a positive correlation between the presence of reactive oxygen and the detection of damage as measured by increased levels of 8-oxoguanine (Fig. 5) . The drugsensitive cells clearly show an increase in damage after irradiation. In contrast, the drug-resistant cells show a minimal increase in damage after irradiation. There are several possibilities to explain this result. One is that drug-resistant cells are better at repairing damage induced by stress. A different explanation is that drugresistant cells are protected from additional stressinduced damage. n* ϭ Number of separate cell preparations studied; for each cell preparation the assay was conducted in triplicate.
* P ϭ 0.0009; † P ϭ 0.0002. Throughout this work we have connected differences in metabolic behavior with differences in sensitivity to drugs. The results above are all consistent with the idea that a metabolic shift can produce drug-resistant cells. We reasoned that one possible mechanism accounting for lower mitochondrial membrane potential in the drug-resistant cells could be through the activity of the UCP2 (7). We measured the presence of UCP2 in mitochondria of these cells by isolating mitochondria and using antibodies to UCP2 in Western blot analysis (Fig. 6) . The results demonstrate that the drug-sensitive cells (L1210) and the resistant cell lines (L1210/DDP) both express mitochondrial UCP2. Significantly higher levels of UCP2 were detected consistently in all of the resistant cell lines (data not shown). This result correlates with measurements of lower mitochondrial membrane potential in the resistant cell lines, suggesting that UCP2 may be involved in lowering membrane potential.
The metabolic mechanism described here appears to be widely used in multiple drug-resistant phenotypes in tumor cells derived from a wide variety of tissue origins. Inherently resistant tumor cells such as melanoma exhibit the phenotype without selection in drugs. We propose that this metabolic strategy provides the basis for survival of inherently resistant or drug-selected resistant cells and accounts for the commonly recognized dual resistance to both drugs and irradiation. We suggest that the decrease in the rate of respiration accompanied by the highly increased rate of cytosolic glycolysis widely observed in drug-resistant cells mimics the protective strategy of seeds or spores, i.e., seeds and spores can remain relatively inert under conditions of limiting nutrients or adverse conditions. This is illustrated by the data in Fig. 4 showing that when glucose becomes limiting, resistant cells use fatty acids. In the case of the drug-resistant tumor cells, the adverse conditions are provided by the chemotherapeutic agents or radiation used to treat the tumor.
The discovery of this metabolic approach in drugresistant tumor cells affects tumor therapeutics and potentially the therapeutic approach to other diseases where free radical damage is involved. For example, it is known that the proton dissipating activity of uncoupling proteins can be turned off by nucleotides such as ATP. Therefore, if we can selectively target nucleotides to inhibit the metabolic strategy of the drug-resistant tumor cells, we may be able to reduce or eliminate the associated drug resistance. 
